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Abstract. Although the majority of known vacuolar 
proteins transit through the secretory pathway, two 
vacuole-resident proteins have been identified that 
reach this organelle by an alternate pathway. These 
polypeptides are targeted to the vacuole directly from 
the cytoplasm by a novel import mechanism. The best 
characterized protein that uses this pathway is ami- 
nopeptidase I (API). API is synthesized as a cytoplas- 
mic precursor containing an amino-terminal propeptide 
that is cleaved off when the protein reaches the vacu- 
ole. To dissect the biochemistry of this pathway, we 
have reconstituted the targeting of API in vitro in a 
permeabilized cell system. Based on several criteria, 
the in vitro import assay faithfully  reconstitutes the in 
vivo reaction. After incubation under import condi- 
tions, API is processed by a vacuolar-resident protease, 
copurifies with a vacuole-enriched fraction, and be- 
comes inaccessible to the cytoplasm. These observa- 
tions demonstrate that API has passed from the cyto- 
plasm to the vacuole. The reconstituted import process 
is dependent on time, temperature, and energy. ATP~/S 
inhibits this reaction, indicating that API transport is 
ATP driven. API import is also inhibited by GTP~/S, 
suggesting that this process may be mediated by a GTP- 
binding protein. In addition, in vitro import requires a 
functional vacuolar ATPase; import is inhibited both in 
the presence of the specific V-ATPase inhibitor bafilo- 
mycin A1, and in a yeast strain in which one of the 
genes encoding a V-ATPase subunit has been dis- 
rupted. 
defining feature of eukaryotic cells is the compart- 
mentalization of essential cellular functions in mem- 
brane-bound organelles. This segregation necessi- 
tates correct and efficient delivery of polypeptides from 
their site of synthesis to their site of action. Proteins des- 
tined for organelles contain signals that allow them to be 
recognized by the correct sorting machinery and directed 
to their resident location (Verner and Schatz, 1988). The 
mechanisms involved in protein sorting reactions can be 
divided into several  major classes. Mitochondrial protein 
import exemplifies the direct membrane translocation mech- 
anism,  whereby the  translocating polypeptide is  carried 
from the cytosol, across the lipid bilayer into the lumen of 
the organelle (Hannavy et al., 1993). In secretory pathway 
transport, the translocating polypeptide first  crosses  the 
ER membrane, and is then passed through the remainder of 
the compartments inside membrane-bound vesicles (Pryer 
et al., 1992). Endocytosis and autophagy represent a third 
mechanism (Seglen  and  Bohley, 1992; Riezman,  1993). 
Proteins taken up by these pathways are enclosed in mem- 
brane-bound vesicles straight-away,  bypassing  any direct 
membrane translocation steps. Each mechanism of trans- 
location uses a distinct set of proteinaceous machinery. In 
addition, lipid composition also plays a part in protein trans- 
location as alterations in phospholipid or cholesterol con- 
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tent can alter protein transport through the secretory path- 
way (Bankaitis et al., 1990; Bretscher and Munro, 1993). 
The yeast vacuole performs a myriad of cellular  func- 
tions  including  osmoregulation, metabolite storage,  and 
protein  turnover  (Klionsky et  al.,  1990). Most  resident 
proteins reach this  organelle via  the  secretory pathway 
(Stack and Emr, 1993), while proteins destined for degra- 
dation are delivered from the cell surface through the en- 
docytic pathway (Riezman, 1985, 1993), or from the cyto- 
plasm by autophagy (Tsukada and Ohsumi, 1993; Baba et 
al., 1994; Thumm et al., 1994). In contrast to the majority 
of characterized  vacuolar  proteins,  tx-mannosidase  and 
aminopeptidase I (API)  1  use a novel transport mechanism 
that is independent of the secretory pathway (Yoshihisa 
and Anraku, 1990; Klionsky et al., 1992). These polypep- 
tides are probably transported by the same protein sorting 
machinery, although the specifics of API targeting have 
been more thoroughly scrutinized. 
API is synthesized as a cytoplasmic precursor that is post- 
translationally targeted to the vacuole (Klionsky et al., 1992). 
Upon arrival in the vacuole the amino-terminal pro-region 
is cleaved by proteinase B to yield the mature-sized polypep- 
tide (Trumbly and Bradley, 1983; Chang and Smith, 1989; 
Cueva et al., 1989; Klionsky et al., 1992). Vacuolar local- 
1. Abbreviations used in this paper: API, aminopeptidase I; CPY, carboxy- 
peptidase Y; cvt, cytoplasm to vacuole; IB, import buffer; SLM, sphero- 
plast labeling medium; SMD, synthetic minimal medium containing glu- 
cose; V-ATPase, vacuolar ATPase; vps, vacuolar protein sorting. 
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vps gene products that are required for correct sorting of 
proteins traveling through the  secretory pathway to the 
vacuole (Klionsky et al., 1992). Recently, mutants in the 
cytoplasm to vacuole targeting pathway (cvt) used by API 
have  been  identified  in  our  laboratory  (Harding  et  al., 
1995).  In cvt mutants vacuolar sorting of API is defective 
while targeting via the secretory pathway is not disrupted, 
indicating that these two pathways of vacuolar localization 
use distinct proteinaceous components. 
To begin analyzing the biochemistry of the Cvt pathway, 
we developed an in vitro import assay for API uptake. Our 
assay uses  a  permeabilized cell system whereby sphero- 
plasts are radiolabeled in vivo, and then quickly lysed such 
that the maturation of the newly synthesized protein oc- 
curs in vitro. Maturation of API is dependent on ATP hy- 
drolysis, and results in API  becoming sequestered away 
from soluble components. Maturation of API in vitro also 
requires a functional V-ATPase, as well as gene products 
that have previously been shown to be involved in API up- 
take and processing in vivo. 
Materials and Methods 
Strains and Plasmids 
Saccharomyces  cerevisiae yeast strains used in this study were: SEY6210 
MATa  1eu2-3,112 urn3-52  his3-A200  trpl-A901  lys2-801  suc2-A9  GAL 
(Robinson et  al.,  1988);  SEY6211  MATa  leu2-3,112 urn3-52  his3-A200 
trpl-A 901 lys2-801 suc2-A9 GAL (Robinson et al., 1988); SEY2101Apep4 
MA Ta leu2-3,112 ura3-52 ade2-1 suc2-A9 Apep4.':LEU2  (Bankaitis et al., 
1986);  THYt44 cvt6, derivative of SEY6211  (Harding et al., 1995);  vps5 
derivative of SEY6210 (Robinson et al., 1988); KMY1004, SEY6210Avma4:: 
LEU2  (Morano and Klionsky, 1994).  The plasmids pRN1  (centromeric 
API)  and  CYI306-50  have  been  previously described  (Johnson  et  al., 
1987; Klionsky et al., 1992). 
Reagents 
Oxalyticase was obtained from Enzogenetics (Corvallis, OR), Expre35S35S 
was from Dupont-NEN Research Products (Boston, MA), Sulfo-NHS-bio- 
tin and Avidin agarose were from Pierce (Rockford, IL), and all other re- 
agents were  from Sigma Chemical Co.  (Saint Louis, MO).  Antiserum 
against API was prepared as described (Klionsky et al., 1992). 
Spheroplasting,  Cell Labeling, 
and Immunoprecipitation 
Cells were grown to an OD6ii0 of 1.0 in synthetic minimal medium (SMD; 
0.067% yeast nitrogen base, 2% glucose, and auxotrophic amino acids and 
vitamins as needed).  Preparation  of spheroplasts was performed as de- 
scribed (Klionsky et al., 1992) except that dithiothreitol treatment was for 
20 min and the spheroplasting reactions were performed in spheroplast la- 
beling medium (SLM; 1 M sorbitol, 1% glucose, 1% proline, Wickerham's 
salts, pH 7.5  [Guthrie and Fink, 1991],  and auxotrophic amino acids and 
vitamins as needed). After spheroplasting, the spheroplasts were regener- 
ated by incubation at 10 OD/ml in SLM, pH 5.0, for 5 min at 30°C. For la- 
beling, the spheroplasts were pelleted and resuspended in fresh SLM, pH 
5.0, at 20 OD/ml and labeled with 4 ixCi Expre3SS35S label/OD at 30°C for 
5 min. Chase reactions were performed at 30°C for the times indicated by 
diluting the spheroplasts to 2 OD/ml in SLM containing 2 mM cysteine, 4 
mM methionine and supplemented with 0.2% yeast extract. Whole cell la- 
beling and immunoprecipitation reactions were performed as described 
previously (Klionsky et al., 1992). 
Cell Permeabilization  and Protein Import Assays 
Spheroplasts were prepared and labeled as above for 5 min, and the chase 
was initiated by the addition of cold cysteine and methionine. The labeled 
spheroplasts were immediately divided into 20-OD aliquots and spun at 
3,000 g for 1.5 min. The media was discarded (see Fig. 1 B), and the sphero- 
plast pellet was permeabilized by resuspending in 1 ml import buffer (IB: 
20 mM K-Pipes, pH 6.8,  100 mM sorbitol, 100 mM KCI, 50 mM KOAc, 5 
mM Mg(OAc)z; modified from Haas et al., 1994).  An ATP regenerating 
system (1 mM ATP, 40 mM creatine phosphate, and 0.2 mg/ml creatine ki- 
nase; Baker and Schekman, 1989)  or inhibitors were then added. Time 
zero samples were taken at this time to show the starting material avail- 
able at the beginning of the import reaction (data not shown). The perme- 
abilized cells were incubated at 30°C for 2 h, unless otherwise indicated (T 
fraction). 
The import reactions were terminated by pelleting the vacuoles at 5,000 
g for 5 min. The supernatant (S) containing cytosol was removed, and the 
pellet (P) was resuspended in 100 ixl 15% Ficoll then overlaid with 1 ml 
13% Ficoll and 300 Ixl 2% Ficoll. All Ficoll solutions were made in IB. The 
resulting step gradient was spun in a microcentrifuge at 12,000 g for 5 min. 
A vacuole-enriched float fraction (F) was collected from the 13/2% inter- 
face. This fraction was precipitated with 10% trichloroacetic acid and pre- 
pared for immunoprecipitation as previously described  Klionsky et al., 
1992). 
Biotinylation  and Avidin Precipitation 
To  perform biotinylation, the float fractions from six import  reactions 
were pooled and then aliquoted into three tubes. Sulfo-NHS-biotin was 
dissolved at 1 mg/ml in IB containing 40 mM K-Pipes, pH 7.8.  The first 
sample received buffer only (see Fig. 5, -bio), the second Sulfo-NHS-biotin 
(+bio)  and the third Sulfo-NHS-biotin (final concentration 0.28 mg/ml) 
and 0.2% Triton X-100 (+bio +TXIO0). The biotinylation reactions were 
incubated at room temperature for 30 min. The reactions were quenched 
by the addition of Tris base to 100 mM followed by trichloroacetic acid 
precipitation. Each reaction was then split into two aliquots. The first ali- 
quot  was  subjected  to  three  successive immunoprecipitation reactions 
with  anti-API  antiserum. The  second  aliquot  was  immunoprecipitated 
with anti-API antiserum, then precipitated with avidin agarose, and finally 
reimmunoprecipitated  with  anti-API  antiserum.  Avidin  precipitations 
were incubated for 2 h  at 4°C in immunoprecipitation buffer with 30 ~l 
avidin agarose. The avidin beads were washed once in immunoprecipita- 
tion buffer (50 mM Tris, pH 7.5,  150 mM NaCI, 0.5% Tween-20, 0.1 mM 
EDTA) and eluted with 50 ~l elufion buffer (20 mM NaPi, pH 7.5,  1 M 
urea, 2% SDS) for 15 min at 95°C. 
Quantitation Methods 
A  Fuji FUJIX  BAS  1000  Bioimaging analyzer  (Fuji  Medical  Systems, 
USA; Stamford, CT) was used for quantitation. In Figs. 3 and 4, the amount 
of API maturation in vitro is reported as the percentage of mature-sized 
API in each lane (corrected to compensate for the two out of a total of six 
methionines that are lost when the pro-region is removed). In Figs. 7 and 
9, this number has been normalized to the value obtained in a control re- 
action. This method of comparison is the most consistent because poten- 
tial differential sample recovery in the fractionation steps and immuno- 
precipitation reactions would not be reflected in the outcome. Additionally, 
in each experiment a  sample of the total labeled spheroplasts was col- 
lected after  the 5-min pulse and immunoprecipitated. This sample was 
used to quantitate the total amount of API precursor present in each im- 
port reaction. For calculations of the total amount of API matured, the 
amount of mature in the float fraction was compared to the total amount 
of API precursor present in the reaction. This calculation requires a mea- 
surement of the yield recovered in the fractionation procedure. From Fig. 
1 A, after the osmotic lysis 73% of the vacuoles were still intact. Of these, 
60% were recovered in the float fraction (equivalent to 44% of the start- 
ing material). Therefore, ~60% of the mature API formed by the import 
reaction is expected to be recovered in this fraction. Successful fraction- 
ation experiments consistently have similar yields to those in the experi- 
ment shown in Fig. 1 A. 
Miscellaneous  Methods 
Enzyme assays for a-glucosidase and invertase were  performed  as de- 
scribed (Halvorson and Ellias, 1958; Goldstein and Lampen, 1975).  Pro- 
tease treatments were performed on 20Dr00 equivalents of permeabilized 
spheroplasts or cell fractions with 50 tzg/ml proteinase K in a final volume 
of 100 Ixl. Digestions were for 30 min on ice and were stopped by trichlo- 
roacetic  acid  precipitation.  SDS  PAGE  and  fluorography were  as  de- 
scribed previously (Harding et al., 1995). 
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Development of  an In Vitro Assay for API Uptake 
To facilitate investigation of the mechanisms used for cy- 
toplasm to vacuole targeting,  we  decided  to reconstitute 
the vacuolar localization of API in vitro. Because this mode 
of transport had not been characterized, we designed an in 
vitro import assay that maintained as much similarity to in 
vivo conditions as possible. To accomplish this, we pulse la- 
beled  spheroplasts,  subjected  them  to  a  differential  os- 
motic lysis that lysed the plasma membrane while leaving 
the  vacuole intact,  and  then  followed  the  maturation  of 
API. Advantages of this approach are that API precursor 
is  synthesized  in  vivo, so  it  is  likely to  attain  an  import 
competent conformation, and that all of the original cellu- 
lar components are still present during the in vitro reaction. 
Spheroplasts were prepared from the yeast strain SEY6210 
harboring  a  centromeric  plasmid  containing  the  APE1 
gene encoding API. The spheroplasts were pulse labeled 
with  [35S]methionine  for  5  min.  Cold  cysteine  and  me- 
thionine were added, and the cells were immediately pel- 
leted and resuspended in IB, a buffer containing 100 mM 
sorbitol and a physiological concentration of salts (see Ma- 
terials and Methods). This treatment causes plasma mem- 
brane lysis, while maintaining the integrity of the vacuolar 
membrane (Fig. 1 A). Since the half-time for API matura- 
tion in whole cells is ,'-~45 min (Klionsky et al., 1992), only 
the precursor form of API is present at the time of lysis 
(data  not  shown).  To initiate  the  in  vitro reaction,  ATP 
and an ATP regeneration system were added, and the per- 
meabilized  cells were  incubated  at  30°C.  After  2  h,  the 
cells were fractionated to enrich for the vacuolar fraction. 
Briefly, the  permeabilized cells were pelleted and  resus- 
pended  in  IB  containing  15%  Ficoll,  overlaid  first  with 
13%  Ficoll in IB, and then with 2% Ficoll in IB. The re- 
suiting  step  gradient  was  subjected  to  a  5-min  spin  at 
12,000 g. The vacuole-enriched fraction was collected from 
the  13/2%  interface,  acid  precipitated,  resuspended  and 
immunoprecipitated  with  antiserum  against  API  (Fig.  1 
B).  The resulting proteins were resolved by SDS PAGE 
and detected by fluorography. 
In whole cells, API is completely matured at a two hour 
chase point  (Fig. 2 A; Klionsky et al.,  1992).  In contrast, 
precursor  API  is  incompletely  matured  in  spheroplasts 
due to the long half-time of import (compare whole cells 
to spheroplasts in Fig. 2 A). When chased in SLM, we rou- 
tinely achieve 50% maturation in spheroplasts after a 2-h 
chase.  Because our in vitro system initiates  with sphero- 
plasts, we expect a theoretical maximum 50% maturation 
of the precursor protein. When pulse-labeled spheroplasts 
are  osmotically lysed  and  subjected  to  a  nonradioactive 
chase for 2 h in the presence of an ATP regenerating sys- 
tem, mature API is recovered in the vacuole-enriched float 
fraction (Fig. 2 B). In Fig. 2 B, 10% of the total API syn- 
thesized was matured in the in vitro reaction (see Materi- 
als and Methods for calculation). Given the 50% theoreti- 
cal maximum that we anticipate, this level of import is in 
the range of most published in vitro assays (Baker et al., 
1988; Vida et al., 1990; Brodsky et al., 1993). 
The  amount of cell material used in  the  flotation step 
was eight times as much as is shown in the other fractions. 
B 
Label spheroplasts 5' 
Spin 1.5', 3000 g 
Media  Spheroplasts 
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Add ATP or ATP3'S 
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overlay with I ml 13% Ficoll 
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Spin 12,000 g 5' 
Collect Float (IF) 
IP with anti-API antibody 
Figure 1.  Cell permeabilization procedure and in vitro assay de- 
sign. (A) Spheroplasts  were subjected  to differential  osmotic ly- 
sis, followed by fractionation.  Supernatant, pellet, and float frac- 
tions were collected.  The fractionated cells contained a plasmid 
encoding  a carboxypeptidase Y-invertase  fusion  protein that is 
targeted to the vacuole (Johnson et al., 1987). Vacuolar recovery 
was assayed by comparing invertase activity in the fractions. The 
relative  amount of cytosol present in each fraction was assessed 
by measuring  ~-glucosidase  activity. The data shown  are from 
three  replicate  permeabilization/fractionation  experiments.  (B) 
The scheme represents the protocol used  to reconstitute  cyto- 
plasm to vacuole  protein transport.  IB: import buffer;  100 mM 
sorbitol,  100 mM KCI, 50 mM KOAc, 5 mM Mg(OAc)2, 20 mM 
K-Pipes, pH 6.8. T, total fraction;  S, supernatant; P, membrane 
pellet; F, vacuole-enriched  float. 
Taking into account the yield of the float procedure, (see 
Fig. 1 A) the relative load of the float fraction is approxi- 
mately five  times  more  than  the  other  fractions  shown 
(Fig. 2 B). The mature API copurifies with vacuolar mark- 
ers in the float fraction (Figs. 1 A  and 2 B), and is not de- 
tected  in  the  supernatant  fraction,  even if more concen- 
trated  supernatants  or  longer  exposures  are  examined 
(mature API is easily seen in both the total and the pellet 
Scott and Klionsky Reconstitution of Cytoplasm to Vacuole Protein Targeting  1729 Figure 2.  Maturation of API in vivo and in vitro.  (A) Maturation 
of API in vivo. Whole cells or spheroplasts were pulse labeled for 
5 min with [35S]methionine and chased for 2 h as described in Ma- 
terials  and  Methods.  Lane  1,  whole  cells;  lane  2,  spheroplasts 
chased in SLM; lane 3, spheroplasts chased in SLM with 1 mM 
ATP',/S; lane 4, spheroplasts were pelleted after labeling and re- 
suspended in import buffer (IB) that contained 1 M sorbitol to 
maintain spheroplast integrity.  (B) Maturation of API in perme- 
abilized  cells. Spheroplasts were labeled for 5 min,  immediately 
pelleted and resuspended in IB. Either ATP and an ATP regen- 
erating system or 1 mM ATP-/S were added as indicated and the 
reactions were incubated for 2 h at 30°C. The resulting samples 
were fractionated and each fraction subjected to immunoprecipi- 
tation with antisera to API. T, 20D equivalents of the total frac- 
tion; S, 20D equivalents of supernatant fraction after pelleting at 
5000 g for 5 min; P, 20D equivalents of pellet fraction; F, 16 OD 
equivalents  of float fraction after  flotation  through Ficoll step 
gradient (see Materials and Methods). The positions of precursor 
(pr) and mature (m) API are indicated. 
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Figure 3.  Time course of in vitro maturation. Protein import as- 
says and Ficoll step gradients were performed as in Fig. 2 B ex- 
cept that the cells were fractionated at the times indicated in the 
graph. The percent mature AP! was calculated by quantitation 
using a Fuji Phosphorimager and represents the ratio of mature 
AP! to total API recovered in the float fraction. Square symbols 
([3) are maturation in the presence of ATP and the ATP regener- 
ating system, and circles (O) are maturation in the presence of 
1 mM ATP~S. 
fractions in long exposures; data not shown). This suggests 
that maturation is occurring inside the vacuole, and is not 
the result of an extravacuolar cleavage event caused by re- 
lease  of protease  from lysed vacuoles. The band that mi- 
grates just below precursor API is a nonvacuolar API deg- 
radation product. 
When  the  nonhydrolyzable  ATP  analogue,  ATP',/S,  is 
added  to an identical  preparation  of permeabilized  cells, 
the amount of mature API detected in the float fraction is 
reduced to ~0.4%  of the API synthesized. ATP'vS has no 
effect on API maturation in intact spheroplasts  (Fig. 2 A). 
Because  maturation  in permeabilized  cells  is  sensitive  to 
ATP',/S (Fig. 2  B), whereas  maturation  in spheroplasts  is 
not,  the  maturation  event  examined  here  must  have  oc- 
curred in vitro. Finally, maturation does not occur in intact 
spheroplasts  if  they  are  incubated  in  IB  (supplemented 
with additional sorbitol to maintain spheroplast integrity) 
instead of media (Fig. 2 B). This result also indicates that 
the maturation we are detecting is not occurring in unlysed 
spheroplasts and suggests that access to ATP is required to 
achieve import. 
Maturation of API Is Time and 
Temperature Dependent 
The kinetics  of the reconstituted  in vitro import reaction 
were examined to determine if they were characteristic of 
an enzymatic reaction. The standard in vitro import reac- 
tion was initiated  in the presence of ATP or ATP~/S, and 
incubated  for 0  to 4  h.  At each  time  point,  the  vacuole- 
enriched float fraction was recovered and analyzed to de- 
termine the percentage of mature API. In the presence of 
ATP, the reaction had a half-time for maturation of 85 min 
(Fig. 3). Maximum import was seen at ,-~3 h. To insure that 
our import reactions were in the linear range, we stopped 
the reaction at the 2-h time point in all other experiments. 
The  absence  of maturation  at  the early time  points indi- 
cates  that  processing  of precursor  API  is  not  occurring 
during the fractionation procedure. When the same reac- 
tions were performed in the presence of ATP~/S only mini- 
mal levels of mature API were recovered in the float fraction 
(Fig. 3).  One characteristic of protein transport  reactions 
is  that  they  usually  take  place  at  physiological tempera- 
tures.  We performed a  temperature  profile on the recon- 
stituted  reaction  to see if the cytoplasm to vacuole path- 
way has a similar temperature  optimum. As predicted, we 
found that at both low and high temperatures  maturation 
was  inhibited  (Fig.  4).  Near  physiological  temperatures, 
import of API was optimal. 
Mature API Is Protected in a 
Membrane-bound Compartment 
To demonstrate that we have reconstituted API transport 
across  the vacuolar membrane,  it was necessary to show 
that the mature API produced by this reaction is inside a 
membrane-bound  compartment.  Because  API is  a  vacu- 
ole-resident protease (and therefore resides in an environ- 
ment  rich  in  protease  activity),  it  is  difficult  to  digest  it 
completely with exogenously added proteases (Harding et 
al.,  1995). This inherent  protease  resistance  makes a  pro- 
tease-protection assay problematic. Instead, we decided to 
test for the accessibility of mature API to modification by 
a water-soluble biotinylated cross-linker, Sulfo-NHS-biotin. 
If mature  API is not protected  by a  membrane,  it would 
become biotinylated and could be purified by avidin agar- 
ose beads.  If it is protected by a membrane, it would only 
be biotinylated in the presence of detergent. 
In the absence of detergent,  the precursor form of API 
is precipitated  by avidin agarose (Fig. 5 A, +bio). The in- 
termediate-sized  API band also precipitates in agreement 
with its presumed cytosolic location. Mature API was not 
detected under these conditions. When the membrane in- 
tegrity was destroyed by the addition of detergent, biotiny- 
lated mature API was recovered with the avidin agarose, 
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Figure 4.  Maturation requires physiological temperature. Import 
assays were performed as in Fig. 2 B, except that they were incu- 
bated for 2 h at the temperature indicated in the graph. Quantita- 
tion of the percent mature API in the float fraction was calcu- 
lated as in Fig. 3. 
along with the precursor and intermediate forms (Fig. 5 A, 
+bio  +TXIO0).  Control  reactions  either  lacking  NHS- 
biotin (Fig. 5 A,  -bio), or which were quenched with 100 
mM Tris base before the addition of NHS-biotin (data not 
shown) showed no API recovery. Because mature API is 
Figure 5.  (A) Maturation  of API occurs in a membrane-bound 
compartment. Import assays and float reactions were performed 
as in Fig. 2 B. After flotation, the reactions were treated either 
with  a  mock  Sulfo-NHS-biotin  treatment  (-bio),  with  Sulfo- 
NHS-biotin  treatment  (+bio), or  with  Sulfo-NHS-biotin  treat- 
ment in the presence of 0.2% Triton X-100 (+bio +TXIO0)  as de- 
scribed in Materials  and Methods. The reactions were then di- 
vided  in  half  and  subjected  either  to  three  successive 
immunoprecipitations  with  anti-API  antiserum  (2nd  Precip., 
API), or were  immunoprecipitated  once  with  anti-API antise- 
rum, followed by precipitation  with avidin agarose, and then a 
third anti-API immunoprecipitation (2nd precip., Av). The posi- 
tions of precursor and mature API are indicated.  (B) Precursor 
API is protease sensitive  at time zero. Spheroplasts were pulse la- 
beled for 5 min, subjected to osmotic lysis, and immediately sepa- 
rated into total (7), supernatant (S) and pellet (P) fractions. The 
fractions were subjected to either mock protease digestions (-) 
or treatment with 50 p.g/ml proteinase K for 30 min on ice (+). An 
aliquot of the same permeabilized cells was competent to gener- 
ate mature API in an in vitro import reaction (data not shown). 
The position of precursor API is indicated. 
not  accessible  to  the  biotinylated  cross-linker  unless  the 
vacuolar membrane  is  permeabilized  by Triton  X-IO0, it 
must be protected in a membrane-bound compartment. 
Characterization of the API Precursor 
Having established  that the mature API formed in our as- 
say was localized in a membrane-bound compartment, we 
wanted to characterize the population of precursor that is 
competent for import in our assay. To accomplish this, we 
separated  both labeled  and unlabeled  permeabilized  cells 
into 5,000 g  pellet and supernatant  fractions before using 
them in an import assay. We found that if a labeled pellet 
fraction was resuspended in IB plus ATP and ATP regen- 
erating system, in the absence of the supernatant fraction, 
formation of the  mature-sized  API was only slightly  de- 
creased compared to the control reaction where the super- 
natant  was  still  present  (data  not  shown).  These  results 
suggest  that  the  import  competent  API  precursor  is  al- 
ready associated  with  a  membrane  before  the instigation 
of the import reaction. 
To demonstrate that the import competent material was 
not  already  inside  a  membrane-bound  compartment,  we 
performed  a  protease-protection  experiment.  While  the 
mature API is not easily protease digestible, the pro-region 
is susceptible  to degradation by added proteases.  Sphero- 
plasts were labeled and lysed as in a typical in vitro experi- 
ment.  At time  zero  of an  import  reaction,  lysed  sphero- 
plasts were separated into supernatant and pellet fractions 
and subjected to protease treatment.  In all three fractions 
the precursor form of API was digested (Fig. 5 B), indicat- 
ing that  it is not located  in a  membrane-bound  compart- 
ment. Interestingly, while the precursor in the total and su- 
pernatant fractions was only partially degraded, the import 
competent precursor in the pellet fraction was completely 
digested  suggesting  that  it  has  undergone  a  conforma- 
tional change. In all cases the relative sensitivity of API to 
degradation suggests that the protein had not attained  its 
resistant  form under the pulse  conditions used in this ex- 
periment. 
In Vitro Maturation of API in Mutant Yeast Strains 
To confirm the fidelity of our reconstituted system, we ex- 
amined the maturation of API in vitro in previously char- 
acterized yeast mutant strains. The API pro-region is nor- 
mally cleaved by proteinase  B  (Klionsky et  al.,  1992),  an 
enzyme  that  requires  proteinase  A  for  its  own  activity 
(Hirsch et al.,  1992). To demonstrate  that the maturation 
observed in our in vitro assay was dependent on these vac- 
uolar proteases, we examined API import in a yeast strain 
in which the PEP4 gene encoding proteinase  A  had been 
deleted.  As expected, in vitro maturation  of API was not 
observed in this strain (Fig. 6). 
Recently our lab has isolated a  series of mutants desig- 
nated  cvt  that  are  specifically  defective  in  cytoplasm  to 
vacuole targeting and accumulate precursor API (Harding 
et al., 1995). We used representative cvt mutants cvt5 and 
cvt6  for in vitro import  assays.  In agreement  with  the  in 
vivo data,  maturation  of API was not observed in either 
mutant strain (Fig. 6).  In addition to the cvt strains,  other 
yeast  mutants  affect  vacuolar  protein  delivery.  The  vps 
mutants were isolated based on missorting of carboxypep- 
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tion of API in yeast mutants. 
Reactions were exactly as in 
Fig. 2 B except that in addi- 
tion  to  the  wild-type  strain 
(WT), SEY2101Apep4 (,~pep4),  cvt6, and vps5 were used for in vitro 
import reactions.  Results with cvt5 were indistinguishable  from 
those  shown with  cvt6. The samples  shown are  float fractions. 
The positions of precursor and mature API are indicated. 
tidase Y, a hydrolase that is delivered to the vacuole through 
the secretory pathway (Robinson et al.,  1988). API matu- 
ration is relatively insensitive to vps mutant defects (Klion- 
sky et al., 1992) in agreement with its unique mode of im- 
port.  We examined  the in vitro maturation  of API using 
spheroplasts  prepared  from  a  vps5  mutant.  In  vivo  the 
vps5 mutant matures the majority of API in a pulse/chase 
reaction (data not shown; Klionsky et al., 1992).  Similarly, 
we found that the maturation of API in vitro in vps5 pro- 
ceeded as it had in vivo (Fig. 6). The fact that the matura- 
tion of API in vitro is consistent with API maturation  in 
previously studied mutants, suggests that our in vitro assay 
accurately portrays the in vivo reaction. 
Cytoplasm to Vacuole Transport Requires ATP 
Many stages of protein  transport  and membrane  translo- 
cation have been shown to require  energy in the form of 
ATP (Wickner,  1994).  Accordingly, we next  investigated 
the  energetics  of cytoplasm  to  vacuole  targeting  in  our 
permeabilized cell system. As shown in Figs. 2 and 3, API 
is matured in the presence of ATP, and maturation is in- 
hibited  in the presence of ATP-yS (Fig. 7, lanes 1  and 2). 
To  confirm  the  observed  requirement  for  ATP,  we  de- 
pleted ATP from the permeabilized cells by adding either 
apyrase or the combination of glucose and  hexokinase  to 
the import reaction. In both cases, maturation of API was 
significantly inhibited  (Fig. 7, lanes 3 and 4). These results 
confirm that our in vitro assay is dependent on ATP. 
Maturation of API Requires a Functional 
Vacuolar A TPase 
Previous  results  from our laboratory suggested  that  API 
localization  is  inhibited  when  the  V-ATPase  is  impaired 
2 
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Figure  7.  In  vitro  matura- 
tion  requires  ATP.  Import 
assays  were performed as in 
Fig. 6 with the following ad- 
ditions: ATP, I mM ATP and 
ATP  regenerating  system; 
ATP~S, 1 mM ATP'yS; apy- 
rase,  16 U/ml Apyrase; Glu/ 
Hex, 30 mM glucose  and 40 
U/ml  hexokinase.  The  per- 
cent  mature  API  in  each 
float fraction was  calculated 
as in Fig. 3, and compared to 
the percent mature in the con- 
trol  reaction  (set  to  100%) 
and is shown below each cor- 
responding  lane.  The  posi- 
tions  of precursor  and  ma- 
ture API are indicated. 
(K.  Morano  and  D.  Klionsky, unpublished  observation). 
We examined the maturation of API in vitro in a strain in 
which a  gene  encoding one of the peripheral  subunits  of 
the V-ATPase had been deleted. The VMA4 gene encodes 
a 27-kD subunit of the V-ATPase and is required for activ- 
ity (Nelson and Nelson, 1990; Ho et al., 1993). We prepared 
spheroplasts from wild-type and dvma4 mutant strains of 
yeast, and analyzed them under both in vivo and in vitro 
import conditions. Maturation of API was greatly reduced 
both in vivo and in vitro (Fig. 8 A). 
Because the Avma4 mutation results in chronic deacidi- 
fication, we could not assess whether the observed inhibi- 
tion of API targeting was a secondary effect or resulted di- 
rectly from inactivation of the V-ATPase. To circumvent 
this problem, we used the specific V-ATPase inhibitor ba- 
filomycin A1 (Bowman et al., 1988). Spheroplasts were in- 
cubated with 10 txM bafilomycin A1 for 10 min before la- 
beling. This preincubation allows bafilomycin A1 to collapse 
the vacuolar ApH before the spheroplasts are labeled and 
transport of API begins. In vivo, the effect on API matura- 
tion  was similar  to the  results  observed  with  the  Avma4 
strain (Fig. 8 B), suggesting that the V-ATPase is directly 
involved in API import. When spheroplasts labeled in the 
presence of bafilomycin A1 were used for an in vitro reac- 
tion, the in vitro import process was also blocked (Fig. 8 B, 
in vitro label). In contrast, when bafilomycin A1 was added 
to an in vitro reaction at the time of cell permeabilization 
API maturation was not significantly affected (Fig. 8 B, in 
vitro chase). These results suggest two possibilities: (a) the 
in  vitro  reaction  that  we  have  reconstituted  has  already 
passed  the  bafilomycin  Al-sensitive  step  before  the  cell 
permeabilization step takes place; or (b) the inhibitory el- 
Figure 8.  API localization requires  a functional vacuolar ATP- 
ase.  (A)  API maturation  is  inhibited  in a  Avma4  background. 
Spheroplasts  from either  wild-type  (WT)  or Avma4  cells  were 
pulse labeled for 5 min and chased for 2 h (in vivo), or in vitro re- 
actions were performed as in Fig. 6 (in vitro). (B) API maturation 
is inhibited  by bafilomycin. Spheroplasts were preincubated  in 
the absence or presence of 10 ~M bafilomycin A1 for 10 min then 
labeled and chased as above (in vivo). In vitro reactions were per- 
formed as in Fig. 6, in the absence or presence of Bafilomycin A1. 
Bafilomycin A1 was added either after the cell permeabilization 
step (chase), or 10 min before the spheroplasts were labeled (la- 
bel). The positions of precursor and mature API are indicated. 
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experiments were performed as in Fig. 6. All reactions contained 
1 mM ATP and an ATP regenerating system. The reactions were 
supplemented with  GTP, GDP, and  GTP~/S as indicated.  The 
percent mature API in each float fraction was calculated  as in 
Fig. 3, and compared to the percent mature in a control reaction 
(dat  a not shown)  and is shown below each corresponding lane. 
The positions of precursor and mature API are indicated. 
fect of bafilomycin A 1 is not fast enough to inhibit the in 
vitro reaction when it is added at the cell permeabilization 
step. While  bafilomycin A1  will affect secretory pathway 
transport, secondary effects due to a block in the secretory 
pathway are not likely to affect API delivery within the 10- 
min treatment unless one of the components necessary for 
import  has  an  extremely short  half-life.  Together,  these 
data suggest that the activity of the API import machinery 
is dependent on an energized vacuolar membrane. 
API Transport May Use a GTP-binding Protein 
Many  cellular  transport  reactions,  particularly  those  in- 
volving vesicle fusion are regulated by GTP-binding pro- 
teins  (Rothman,  1994).  Fusion of yeast vacuolar vesicles 
also requires a G-protein (Haas et al., 1994). Accordingly, 
we examined the effect of the nonhydrolyzable GTP ana- 
logue, GTP~/S on the in vitro reaction. We found that in 
the  presence of ATP  and  the  ATP regenerating  system, 
GTP'yS severely inhibits API maturation (Fig. 9). This in- 
hibition is reversed by the addition of excess GTP or GDP 
(Fig. 9), but not by the addition of excess ATP (data not 
shown).  Neither GDP (Fig.  9)  or GTP (data not  shown) 
had any effect on the import reaction by themselves. We 
also performed API import reactions in the presence of a 
GDP  analogue  GDPI3S.  GDPI3S inhibited  API  matura- 
tion, and like the inhibition by GTP'yS, this inhibition was 
reversed  by  excess  GTP  but  not  excess  ATP  (data  not 
shown). These results suggest that the Cvt pathway uses a 
GTP-binding protein. 
Discussion 
In vitro reconstitution of biological events is a powerful tool 
for unraveling the  complex biochemistry of cellular pro- 
cesses. With this in mind, we designed an in vitro assay to 
reconstitute the transport of the vacuolar protein API. We 
have used the maturation of API by the vacuolar protease 
B as a marker for correct vacuolar delivery, and found that 
API maturation in our system is dependent on time (Fig. 3), 
temperature (Fig. 4), and energy sources (Figs. 7-9). Fur- 
ther, the mature-sized polypeptide colocalizes with a frac- 
tion enriched for vacuoles (Figs. 1 A  and 2 B), and is pro- 
tected in a membrane-bound compartment (Fig. 5 A). It is 
not detected in the soluble fraction (Fig. 2 B). 
Maturation  of API in our system must be occurring in 
vitro because in vivo maturation is not detected in sphero- 
plasts resuspended in import buffer that has been modified 
to maintain spheroplast integrity, and it is not inhibited by 
the addition of ATP~/S (Fig. 2 A). Further, we found that 
the reconstituted system uses the same proteinaceous com- 
ponents as in vivo sorting because mutant yeast strains that 
can not mature API in vivo also do not mature API in vitro 
(Figs. 6 and 8). 
The starting material for the in vitro reaction was syn- 
thesized in vivo by pulse labeling intact spheroplasts for 5 
min, followed by osmotic lysis of the plasma membrane. 
We expect that the newly synthesized precursor embarks 
on its normal import pathway, and at the time of cell lysis, 
has  moved  through  the  first  steps  of  the  pathway.  We 
found that the API precursor that was competent for mat- 
uration in our system was already found in the membrane 
pellet when we began the in vitro reaction (data not shown). 
Additional  cytosolic components beyond those  that  may 
be associated with the pellet fraction were not required for 
the in vitro maturation event. These data suggest that we 
have  reconstituted  a  post-membrane  binding  transport 
event. Because precursor API is accessible to exogenously 
added  protease at the  beginning  of the  in  vitro reaction 
(Fig. 5 B), we believe we have reconstituted the membrane 
translocation step of the import process. 
Biochemical reconstitution  of protein sorting reactions 
has  been  the  subject  of  extensive  research.  Data  from 
these  investigations is beginning  to provide considerable 
information  regarding  the  functions  of specific polypep- 
tides that direct these cellular reactions. Typical in vitro as- 
says achieve yields in the range of 10-50% of the available 
polypeptide (Baker et al., 1988; Ruohola et al., 1988; Vida, 
et al., 1990; Brodsky et al., 1993).  For this reason, in vitro 
assays  reconstituting  vacuolar  localization  through  the 
secretory pathway present a  particular challenge because 
of  the  numerous  steps  involved.  Many  individual  steps 
along  this  pathway  including  translocation  into  the  ER 
(Brodsky et al.,  1993;  Panzner et al.,  1995),  ER to Golgi. 
(Beckers et  al.,  1987;  Baker et  al.,  1988;  Ruohola  et al., 
1988), intra-Golgi (Balch et al., 1984; Rothman, 1987)  and 
late  Golgi to  vacuole transport  (Vida  et  al.,  1990,  1993) 
have been successfully reconstituted,  but  a  complete re- 
constitution is not likely to be forthcoming. The cytoplasm 
to vacuole protein import pathway is probably a  simpler 
route  to  the  vacuole, making successful reconstitution  a 
more reasonable proposition. We hope to use our in vitro 
assay for API uptake  to determine the steps involved in 
this  pathway.  Key questions  such as whether API trans- 
port uses a vesicular intermediate, or imports directly across 
the vacuolar membrane remain to be answered. 
The function of the vacuolar ATPase was found to be 
essential for correct API targeting to occur both in vivo 
and in vitro. In either a yeast strain where the gene encod- 
ing one of the  peripheral subunits  of the V-ATPase had 
been deleted (Avma4), or when the V-ATPase was chemi- 
cally inactivated by the inhibitor bafilomycin A1, matura- 
tion was impaired (Fig. 8).  Since inhibition of the import 
reaction occurred after only a  10-rain incubation with ba- 
filomycin A1, an energized vacuolar membrane is probably 
a direct requirement for this transport reaction to take place. 
There are several possible models to explain the contribu- 
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quired for productive  association  of precursor API  with 
the vacuolar membrane, or for the association/assembly of 
a component of the transport machinery. Alternatively, it 
could act as an energetic component of the reaction. Inter- 
estingly, bafilomycin A1 only affected the in vitro matura- 
tion reaction if it was added before the cells were labeled. 
Possibly, the in vitro reaction that we have reconstituted 
has already passed the bafilomycin Al-sensitive step. The 
use of bafilomycin A1  and additional inhibitors may help 
us to order the steps involved in the cytoplasm to vacuole 
protein import pathway. 
The temperature profile of API transport (Fig. 4) may 
also provide insight into the mechanism involved in API 
import. Protein transport reactions involving vesicle fusion 
are usually more sensitive to low temperatures than trans- 
port reactions where the translocating polypeptide crosses 
the lipid bilayer directly. For example, protein import into 
the ER proceeds at 10°C, while transport to the Golgi is 
severely impaired (Baker et al., 1988), and autophagic pro- 
tein uptake requires temperatures of at least 20°C in mam- 
malian cells (Seglen and Bohley, 1992). The fact that signifi- 
cant API maturation did not take place at 14°C is suggestive 
of a vesicle-mediated  transport event. The role and origin 
of  putative  vesicular  intermediates  that  are  involved  in 
API import are under investigation. 
GTP-binding proteins are known to be involved in many 
vesicular-mediated protein delivery events (Rothman, 1994). 
We found that both GTP~/S  and GDP[3S act as inhibitors 
of the Cvt pathway (Fig 9). Inhibition of import by both 
GTP'yS and GDP[3S could be reversed by excess GTP but 
not by excess ATP, suggesting that GTP is specifically in- 
volved in this reaction. Neither GTP nor GDP had any ef- 
fect  on the import reaction themselves.  This is probably 
because the yeast cytosol present in the reaction contains a 
sufficient level of GTP for transport to proceed. In addi- 
tion, the presence  of an ATP regenerating system  allows 
GDP  to  be  phosphorylated to GTP  by diphosphonucle- 
otide kinase. The fact that the reaction is inhibited by both 
a  GTP  and  a  GDP  analogue  suggests  that GTP-binding 
protein cycling is required. One possible model is that the 
GTP-bound form is necessary for recruitment of an essen- 
tial component of the  translocation machinery,  and that 
this component must then be released from the GTP-bind- 
ing protein via GTP hydrolysis for the reaction to proceed 
further (Bourne, 1988). 
The yeast vacuole is analogous to the mammalian tyso- 
some. Both organelles are involved in protein turnover, and 
appear to employ similar mechanisms of acquiring proteins. 
Nonselective  autophagy has been shown to direct soluble 
polypeptides to both the mammalian lysosome (Seglen and 
Bohley,  1992)  and the yeast vacuole  (Baba et al., 1994). 
Yeast  autophagy mutants  have  been  identified,  but  this 
process has not been reconstituted in vitro (Tsukada and 
Ohsumi,  1993; Thumm et  al.,  1994).  Selective  uptake  of 
proteins destined for degradation has been reconstituted 
in lysosomes purified from mammalian cells (Terlecky and 
Dice, 1993). The extent to which the cytoplasm to vacuole 
protein targeting pathway that we are investigating over- 
laps with these processes,  is not known. Once the degree 
of overlap between the Cvt pathway and these processes 
has been determined,  investigations utilizing our in vitro 
assay, coupled with analysis of the cvt mutants will help 
elucidate the mechanism employed by both cytoplasm to 
vacuole targeting and related pathways. 
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